As rapid economic growth in China in recent decades, the quality of economic growth through improvement of energy efficiency has attracted great attention. This paper evaluated energy efficiency of 29 provinces in China between 2000 and 2016 based on a global non-radial directional distance function. Moreover, the dynamics of energy efficiency were investigated using the non-radial global Malmquist-type efficiency index. The paper also sheds light on the evolution of inequalities in energy efficiency by decomposing interprovincial inequality into its within-region and between-region components. The findings of the study are as follows. First, the national energy efficiency was 0.49 in 2016, which indicated that 51% improvement could be made to reach the global technology frontier. Tianjin, Shanghai, Jiangsu, Shandong and Guangdong had the best energy efficiency in 2016, while Ningxia and Xinjiang had the lowest performance. Second, the national annual growth rate of energy efficiency was 3.4% between 2011 and 2016, which was a positive sign of energy efficiency improvement. Shandong made the biggest improvement in energy efficiency from 2011 to 2016, with 26.2% annual growth rate. Lastly, within-region inequality saw a decreasing trend after 2010 and was overtaken by between-region inequality in 2016.
Introduction
As China has experienced a rapid economic increase in recent decades, about 23 .4% primary energy consumption comes from China, more than the United States (16.5%) and the total Europe (14.6%) in 2017 [1] . Rapid economic growth has led to an increasing GDP and better living conditions. In addition, it has caused rapid increase in energy consumption. According to Chinese Statistical Yearbooks, China's energy consumption also rose dramatically, from 1385.70 million metric tce in 2000 to 3590.00 million tce in 2017. The large amount of energy consumption has caused rapid rise in CO 2 emissions and further contributed to global warming. Therefore, China's government has set some targets to promote sustainable development and has paid great attention to energy saving and CO 2 emissions mitigation. China has set a target of reducing carbon intensity by 40% -45% by 2020, compared to 2005 levels, and increasing the proportion of non-fossil fuels in primary energy consumption to around 15% [2] . Therefore, to realize the mitigation goal, more attention should be paid on the quality of economic growth through improvement of energy efficiency.
Energy efficiency has been widely measured by energy intensity [3] [4] [5] .
However, energy intensity is not able to fully demonstrate the total-factor production process. Therefore, these indexes can be regarded as the partial-factor energy performances analysis. To measure total-factor energy efficiency, data envelopment analysis (DEA) has attracted great attention globally [6] since it can be easily adopted to a multiple input-output framework to compute the energy performance, which is more reasonable than using single-factor energy performance analysis. Many studies have measured energy efficiency or CO 2 emissions performance using DEA methods, mainly in regional or provincial level in China [7] . Some studies also adopted the directional distance function (DDF) to evaluate efficiency of China's regions [8] [9] [10] . In this study, we use the global metal-frontier non-radial directional distance function, which covers all DMU and all periods, proposed by [11] to measure energy efficiency. This function has three strengths. First, it can isolate efficiency from overall technical efficiency. Moreover, efficiency analysis can incorporate in technological heterogeneity. Third, the discriminating power and comparability of the directional distance function model can be increased through constructing the global environmental technology frontier.
To evaluate dynamics of environmental productivity change, [12] was the first to propose a Malmquist-Luenberger (ML) index to compute environmentally sensitive productivity growth. Many empirical studies applying the ML index to measure green total-factor productivity growth, such as [13] [14] [15] [16] proposed a non-radial global Malmquist index which was developed by putting the non-radial distance function [17] and the global ML index [18] into a single framework. The integrated index can be used to measure dynamics free from the slack-neglecting problem as well as the infeasible solution challenge. In this study, we adopt the non-radial global Malmquist index [16] to evaluate the dynamic change of energy efficiency.
Meanwhile, we explain the evolution of regional inequalities in the provincial energy efficiency using Theil index, Gini index and CV index which are popular in the literature on regional inequality [19] [20] [21] [22] . However, most pre- vious studies focus on the regional inequality of single-factor index, such as energy intensity [23] [24] [25] , and few analyze regional inequality based on a total-factor production process. In this paper, we analyze regional inequality based on a multiple input-output framework and decompose interprovincial inequality into between-region inequality and within-region inequality to determine regional characteristics.
The contributions of this study are twofold. First, the analysis target inequality in energy efficiency uses total-factor energy performance index, while previous inequality research has mainly focused on energy intensity or per capita energy.
Second, previous studies mainly focus on total-factor performance of cross-sectional data, while we emphasize the evolution of energy efficiency and its dynamics over a 16-year period, which may yield richer insights regarding the development paths of energy efficiency and help policymakers to implement mitigation policies accordingly.
Methodology

Environmental Production Technology
Suppose that a decision making unit uses capital stock (K), labor force (L), and energy (E) as inputs to produce gross domestic product (Y) as a desirable output and CO 2 emissions (C) as an undesirable output. Therefore, we define an environmental production technology set, as follow:
According to the traditional production theory, we assume the environmental production technology is a closed and bounded set. This assumption means that finite inputs can only produce finite outputs [26] . Moreover, inputs and desirable outputs are assumed to be strongly disposable. Also, the environmental production technology is assumed to have weak disposability as well as null-jointness.
The weak disposability assumption suggests that the decrease of undesirable output is costly in terms of a proportional decrease in desirable output. The null-jointness assumption means that a decision making unit should produce desirable and undesirable outputs simultaneously. We can express these two assumptions as follows:
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Global Non-Radial Directional Distance Function
We define the global environmental production technology as
following [18] . 
Based on these values for the GMNDDF, we have
TEPI G measures the maximum possibility to reduce energy intensity, which can be used to measure energy efficiency of each province over a certain period of time. Obviously, TEPI G lies between zero and unity, and the higher the TEPI G , the better is energy efficiency. The province enjoys the best energy efficiency if [16] combined the non-radial distance function and global Malmquist-Luenberger index to propose an integrated index, the non-radial global Malmquist index, which offers a way of evaluating the changes of efficiency free from the infeasibility and slack neglecting problem. Similarly, in this paper, we evaluate the dynamics of energy efficiency using the non-radial global Malmquist energy performance index (NGMEPI) as follows:
Dynamics
, , ,
The NGMEPI measures the changes in TEPI on T G for the period between t and t + 1.
Inequality Measures
In this study, we focused on measures of dispersion, concentration, and entropy. Therefore, we evaluate the inequality of provincial energy efficiency through the coefficient of variation (CV), Gini coefficient and Theil Index.
CV is the simplest method to measure inequality, which is readily intelligible, but sensitive to outliers. The CV of energy efficiency indicates the standard deviation divided by the average energy efficiency and is calculated as follows:
where y i is TEPI of province i, N is the number of provinces and y is the mean TEPI of all provinces. According to [21] , we adopted the unweighted CV which better shows disparities between regions, instead of the weighted CV, which better shows disparities between individuals.
The Gini coefficient is a widely used index based on the Lorenz Curve, but is unduly influenced by high values. The Gini Coefficient for energy efficiency is evaluated as follows:
∑ ∑ (7) where N is the number of provinces and i y is energy efficiency of the ith province, ordered by energy efficiency.
The Theil Index is a weighted entropy index, allowing an examination of the regional composition of inequality. The Theil Index is calculated as follows: 
where y i is the portion of TEPI of the ith province to the total energy efficiency of all sampled provinces and x i is 1 to all sampled provinces.
This can be decomposed into between region and within region components as follows:
br wr
where T br equals the total between region contribution to the Theil Index and T wr equals the total contribution to the Theil Index from within regions. T br is calculated as follows:
where r y is the portion of total TEPI of the r th region to the total energy efficiency of all regions and r
x is the portion of the amount of provinces of r th region to the total amount of province of all regions, and N is the number of regions.
T wr is calculated as follows:
where r w is a weighting of the portion of total energy efficiency to the total energy efficiency of all provinces, ( ) i r y is the portion of TEPI of the i th province in the r th region to the total TEPI of the r th region and ( ) i r x is 1 to the amount of provinces within the r th region.
Empirical Application
Data
In terms of the output variables, GDP was used to describe the desirable output of each province. The energy data were collected from the China Energy Statis- 
In Equation (12), K t , I t , δ indicates the capital stock, investment in fixed assets, and depreciation rate at time t, respectively. K t−1 refers to the capital stock in period t − 1. The monetary variables, including GDP and capital stock, are converted into 1978 constant price. 
Region Division
There has a history about the regional division ways in geographic studies of China, whereas it is generally agreed that there are vast differences in determin- In addition, we merge Chongqing with Sichuan because data for Chongqing independent of Sichuan for the period before 1997 are largely unavailable.
Therefore, this study includes 29 provinces in total. Figure 1 shows the regional division in China. In this study, we divide Chinese 
Empirical Results
Energy Efficiency and Dynamics
Interprovincial Inequality
According to Figure 2 , the CV, Theil Index, and Gini coefficient all revealed a similar trajectory of interprovincial inequality for the period from 2000 to 2016.
The CV depicts a sharper decline of inequality over the study period than the other two indices. Figure 3 shows the details of the inequalities by decomposing the Theil index into between-region and within-region inequality. Figure 3 shows that the contributions of these components' inequality varied over time. The intraregional components of the Theil Index can be further decomposed into contributions by region, namely eastern region, Central region, west region and northeast region.
Interregional and Intraregional Inequalities
In general, within-region inequality was higher than between-region inequa- From 2012-2016, the trend of the inequality of inequality components changed significantly. Interprovincial inequality experienced a sudden decrease in 2012, which might be interpreted by the launch of a 4 trillion-yuan stimulus plan. This plan was proposed to stimulate the economy and construct infrastructure, which boosted high energy consuming industries in short time and also promote energy saving and emission reduction in the long run. From 2013 to 2016, interprovincial inequality saw a gradual increase, rising from 0.1318 to 0.1581. In terms of within-region inequality, it decreased from 0.1017 in 2012 to 0.0743 in 2016. However, between-region inequality experienced an increasing trend, rising from 0.0436 in 2012 to 0.0838 in 2016. Figure 4 illustrates that throughout the period studied, the between-region 
Conclusions
In this study, we measure energy efficiency of 29 provinces in China from 2000
to 2016 using total-factor energy performance index (TEPI) based on the global metal-frontier non-radial directional distance function. We further investigate the dynamics of energy efficiency to evaluate the provincial efforts made to im- Lastly, compared with between-region inequality, within-region inequality was the main contributor to interprovincial inequality. Within-region inequality from eastern and western region is larger than that from central and northeast region over the study period.
Based on these empirical results, we now suggest some policy implications.
First, policymaker should lay more emphasis on Xinjinag, Ningxia, Shanxi and Guizhou to improve energy efficiency. These provinces can learn some experience from Tianjin, Shanghai, Shandong, Guangdong and Jiangsu which had the best energy efficiency in 2016. Second, Qinghai, Heilongjiang, Ningxia, Xinjiang, Hainan, Fujian, Hunan and Anhui require more effective measures to improve energy efficiency, such as green technology investment and improving the quality of energy mix, because their energy efficiency decreased between 2011 and 2016.
